Coronavirus nonstructural protein (nsp) 8 has been suggested to have diverse activities, 30
Ub-nsp8-CHis 6 fusion protein, resulting in the release of a C-terminally His 6 -tagged form of 152 nsp8 with its correct N-terminus (NH 2 -SVAS...) (Fig. 1A) . The protein was purified by Ni-NTA 153 affinity and anion exchange chromatography as described in Materials and Methods. As 22 kDa calculated for the nsp8-CHis 6 protein (Fig. 1B, lanes 1 and 2) . Using a two-step 157 protocol, HCoV-229E nsp8 and the (mutant) nsp8_K3687A and nsp8_K3711 proteins, 158 respectively, could be purified in sufficient amounts for biochemical studies and proved to be 159 stable upon storage at -20°C ( Fig. 1A, Fig. 1B , lanes 3 to 5). studies of the SARS-CoV nsp8 (23, 24), the data revealed that HCoV-229E nsp8 activity 174 required the presence (of moderate concentrations) of Mg 2+ or Mn 2+ ions (Fig. 2B ). High 175 concentrations of these ions inhibited activity, while other metal ions failed to support nsp8 176 activity (Fig. 2C ). HCoV-229E nsp8 activity proved to be sensitive to salt concentrations 177 above 50 mM ( Fig. 2A) . 178
179
In the presence of -[ 32 P]-ATP (only), radiolabeled products with sizes that exceeded those 180 of the substrate RNAs were found to be generated. These larger-than-expected products 181 were obtained with both the homopolymeric U 18 and the heteropolymeric substrate RNA 182 KR07 (5'-UAAUGGAACGGUUUCGAUAUGGAUACAC-3', representing the 3' end of the 183
HCoV-229E genome RNA) ( Fig. 2C ), suggesting that (i) the protein has adenylyltransferase 184 activity and (ii) the products likely represent 3'-polyadenylated forms (rather than 185 complementary copies) of the substrate RNAs used. 186
187
To corroborate the idea of HCoV-229E nsp8 acting as an RNA 3'-terminal ribonucleotidyl 188 transferase (TNTase), we decided to include 3'-biotinylated RNA substrates that lacked a 189 free 3'-hydroxyl group as controls and performed reactions containing just a single 190 nucleotide, i.e., (i) ATP and [-32 P] ATP, (ii) CTP and [-32 P]-CTP, (iii) UTP and [-32 P]-UTP, 191
and (iv) GTP and [-32 P]-GTP, respectively. As shown in Fig. 3 with adenylate or guanylate resulted in superior activities (Fig. 4C , lanes 2 and 5). These 217 data suggest that, at least in vitro, substrates with a 3'-terminal purine (with A being preferred 218 over G) are polyadenylated more efficiently than substrates carrying a 3'-terminal pyrimidine. 219 220 Activity of HCoV-229E nsp8 on partial-duplex RNA substrates. The data presented 221 above suggest that HCoV-229E nsp8 is able to 3'-polyadenylate ssRNA substrates with 222 diverse sequences/structures if these substrates contain a free 3'-hydroxyl group. 223
Apparently, the protein did not require a primer/template hybrid (or a template) to generate strand was 3'-biotinylated to block any potential nsp8-mediated 3'-adenylation of this strand. 268
In addition to this basic construct, a range of 3'-biotinylated bottom strands with different 5' 269 overhangs including U 10 , C 5 U 5 , U 5 C 5 , C 10 , and A 10 , respectively, were synthesized and 270 hybridized to KR07 ( Fig. 6A ). As controls, a number of dsRNAs in which both the top and the 271 bottom strand were 3'-biotinylated were included in these experiments ( Fig. 6A) . 272
273
In line with previous experiments, HCoV-229E nsp8 was found to have robust TATase 274 activity using the single-stranded RNA KR07 as a substrate (Fig. 6B, 
lane 3). A similar 275
TATase activity was observed for the KR07/KR07comp-b RNA hybrid, suggesting that (fully) 276 double-stranded RNA can be equally efficiently 3'-polyadenylated by nsp8 ( Figure 6B the latter two substrates, labeled products could also not be detected if the 'matching' 285 nucleotides, UTP and GTP, respectively, were included in the reaction (Fig. 6C ). Taken 286 together, the data show that HCoV-229E nsp8 TATase activity is strongly stimulated by the 287 presence of a short (≥5-nt) oligo(U) stretch in the opposite strand, suggesting that nsp8 uses 288 the oligo(U) stretch (or a part of it) as a template. To corroborate this hypothesis, we modified 289 the KR01-containing substrates used in the previous experiment ( Fig. 6 ) to include longer 5' 290 single-stranded regions in the bottom strand, (i) a mixed (UC) 10 sequence and (ii) a 291 homooligomeric U 20 sequence ( Figure 7A ). If the KR01 3' end was blocked with biotin, no 292 radiolabeled product was generated, while TATase activity was readily detectable for KR01 293 with a free 3'-hydroxyl group ( identified a number of residues to be essential for nsp8 'polymerase/primase' activity, 318
protein-protein and protein-RNA interactions, respectively (12-14, 23, 24). To assess the 319 potential role in TATase activity of two HCoV-229E nsp8 residues equivalent to conserved 320
Lys residues shown previously to be important for SARS-CoV nsp8 primase activity and 321 SARS-CoV replication (14, 23), we produced mutant forms of HCoV-229E nsp8 in which 322 pp1a residues Lys-3687 and Lys-3711, respectively, were replaced with Ala (Fig. 1) . The 323 proteins were produced in E. coli and purified to apparent homogeneity using metal-ion 324 affinity and anion-exchange chromatography (Fig. 1B) . TATase activities of the mutant 325 proteins were determined using the reaction conditions established for the wildtype enzyme; 326 and KR07 and U 18 were used as test substrates in these assays. As shown in Fig. 9 , no 327
TATase activity was detected for the nsp8_K3711A protein while nsp8_K3687A retained its 328
TATase activity on the two RNA substrates used in this experiment ( Fig. 9A and B ). Next, we 329 determined the RNA-binding activities of the wildtype and mutant nsp8 proteins using a 330 range of RNAs (A 18 , U 18 , C 18 and KR07) (see Materials and Methods). As shown in Fig. 9 (C 331 and D), nsp8_K3687A bound RNA less efficiently than the wildtype protein. The reduced 332
RNA-binding activity of nsp8_K3687A was particularly evident using A 18 and C 18 (Fig. 9C) , 333 while the protein retained RNA-binding activity to U 18 and KR07 ( Fig. 9C and D) . In contrast, 334 the K3711A substitution abolished the RNA-binding activity of the protein completely ( findings of these studies may be explained by the presence of a few extra residues in the 360 respective protein constructs (6). And indeed, there is evidence that the presence and 361 identities of N-terminal tags may affect the activities of SARS-CoV and FIPV nsp8 (12, 24). In 362 an effort to revisit the diverse polymerase activities reported previously for two coronavirus 363 nsp8 proteins, we decided to focus on the isolated nsp8 protein by characterizing the 364 activities of the HCoV-229E nsp8 (representing the genus Alphacoronavirus) and, 365 subsequently, extended major findings arising from this work to previously characterized 366 nsp8 homologs from SARS-CoV (genus Betacoronavirus) and FIPV (genus 367 Alphacoronavirus). To produce and purify these proteins in an active form, we took 368 advantage of a previously established system suitable to generate C-terminally His 6 -tagged 369 forms of nsp8 with their authentic N-terminal residues in a T7 polymerase-free system, 370 thereby eliminating the risk of T7 RNA polymerase contamination which may interfere with 371 subsequent analyses of viral RdRp activities produced in E. coli (24, 25). The proteins were 372 purified from E. coli by metal-ion affinity and anion-exchange chromatography and 373 characterized in vitro using protocols optimized in this study. 374
375
Using SARS-CoV and HCoV-229E nsp8, respectively, we failed to obtain evidence for 376 primase activity for these proteins (that is, template-dependent de novo polymerase activity 377 on March 29, 2019 by guest http://jvi.asm.org/ Downloaded from 16 resulting in short oligonucleotides) on any of the substrates used, which is in agreement with 378 a study by Subissi et al. (14) but contradicts an earlier report (23). We however found that 379
HCoV-229E nsp8 transfers (ribo)nucleotides to the 3' end of substrate RNAs, with ATP being 380 the clearly preferred nucleotide. Importantly, this activity was not detectable if substrates 381
were used in which the 3'-hydroxyl group was blocked, thus essentially excluding template-382 dependent de novo polymerase activities being involved in the production of the radiolabeled 383 products obtained in our assays. Also, the vast majority of products was larger than the 384 substrates used, and virtually identical products were generated from a partially double-385 stranded RNA containing a single-stranded heteropolymeric (C/U) sequence in reactions 386 containing either ATP alone or ATP in combination with GTP, arguing against a template-387 dependent copy process being involved in the production of the labeled RNAs seen in the 388 autoradiograms (Fig. 5 ). The latter hypothesis is supported by the lack of radiolabeled RNAs 389 
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Based on the data obtained in this study, it seems reasonable to suggest that coronavirus 406 nsp8 homologs are RNA-specific TATases that probably act in a distributive manner. 407 408 Similar to cellular PAPs, many viral RNA polymerases, including picornavirus, calicivirus, 409 flavivirus, nodavirus, alphavirus, and bacteriophage 6 polymerases, have been reported to 410 add nontemplated nucleotides to the 3' ends of RNA products and it has been suggested that 411
the addition of a few extra nucleotides reflects an intrinsic terminal transferase activity of 412 (some of) these RdRps (33-41). These studies also showed that the TNTase activity requires 413 the presence of a 3'-hydroxyl group, as confirmed by experiments using blocked 3' ends, 414 which abolished this activity (40-42). Similarly and although not apparently related to viral 415
RdRp, the HCoV-229E nsp8 was shown to have TATase activity on homopolymeric and 416 heteropolymeric RNA substrates unless their 3' ends were blocked by 3' biotinylation ( Fig. 3,  417   6, 7, 8) . The nsp8-associated RNA 3' nucleotidyl terminal transferase activity displayed a 418 strong preference for ATP (over CTP and UTP), while GTP and dATP were not incorporated. 419
420
In previous studies, metal ions were demonstrated to affect nucleotide selectivity of poliovirus 421 3D pol in vitro (33). The use of Mn 2+ was found to relax nucleotide selectivity, resulting in 422 decreased RdRp fidelity (33, 43, 44) . Nucleotide misincorporations and pronounced primer 423 cleavage occurred in the presence of Mn 2+ but not (or much less so) in the presence of Mg 2+ 424 ions (33). Mn 2+ ions were also reported to affect alphavirus nsP4 (RdRp) TATase activity 425 (39). Because of these special effects of Mn 2+ ions when used at (nonphysiologically) high 426 concentrations, we decided to use Mg 2+ ions in (almost all) the HCoV-229E nsp8 activity 427 assays included in this study, even though Mn 2+ was confirmed to be equally effective in 428 supporting HCoV-229E nsp8-mediated TATase activity (Fig. 2B ). Our decision to use of Mg 2+ 429 instead of Mn 2+ ions was also prompted by data obtained in a previous study in which a activity. We found that substitution of the 3'-terminal cytidylate present in KR07 and JZR3, 452 respectively, with adenylate resulted in increased nsp8 TATase activities ( Fig. 4B and C) . purine) is more favorable than A-C stacking (purine-pyrimidine) (49, 50). As mentioned 461 above, nsp8 TATase activity was found to be increased if the 3'-terminal pyrimidine 462 (cytidylate) present in two oligonucleotide substrates was substituted with purine (A or G) 463 ( Fig. 4B and C) while a moderate (or no) stimulation of activity was observed when the 464 cytidylate was replaced with another pyrimidine (uridylate). The effects observed for 3'-465 terminal nucleotide substitutions support the idea that differential base-stacking interaction 466 may have a role in the initiation of 3' polyadenylation. Similar to the observations made in our 467 study, a 10-fold lower catalytic efficiency was reported for a cellular PAP using an A 18 468 substrate in which the 3'-terminal A was substituted with C (A 17 C) (51). In line with this 469 interpretation, we found that replacements of the penultimate nucleotide had no detectable 470 effect on nsp8 TATase activity (data not shown). 471
472
In the context of an earlier study addressing possible primer-dependent and de novo RdRp 473 activities of the SARS-CoV nsp8 and an nsp7-nsp8 complex, evidence was presented that (if 474 a primer/template complex is provided) nsp8 is able to generate radiolabeled RNAs with 475 sizes that exceed those of the template, suggesting nontemplated 3'-TNTase activity (24) . 476
This observation is consistent with what we propose here for the HCoV-229E nsp8 homolog. 477
In contrast, however, our data do not support the template-dependent copy process 478 described in that earlier study. Our data rather suggest that the near-substrate-length labeled 479 products observed in these experiments represent 3'-mono-or oligoadenylated forms of the 480 template strand. To test this hypothesis, we used the primed template described previously 481 (24) and analyzed the radiolabeled products generated by nsp8 in the presence of different 482 (combinations of) nucleotides. Labeled products could only be detected if [ 32 P]-ATP was 483 included in the reaction while [ 32 P]-GTP was not incorporated into any of the products, 484 thereby ruling out the possibility that the labeled RNA product represented a copy of the 485 (CU) 10 template (Fig. 5, 6 , and data not shown). We also observed that, at low ATP 6A). Using an RNA hybrid containing a 5' overhang with a short oligo(U) stretch (U 10 , U 5 C 5 , 497 and C 5 U 5 , respectively), a very efficient polyadenylation of KR07 was observed, while nearly 498 no TATase activity was observed if the partially double-strand RNAs contained 5'-tails with 499
A 10 or C 10 sequences in the bottom strand (Fig. 6B) . The same result was obtained in 500 reactions in which the appropriate complimentary nucleotides (UTP and GTP, respectively) 501
were included in the respective reactions ( Fig. 6C) , again confirming the nucleotide selectivity 502 of nsp8. Furthermore, the data show that HCoV-229E nsp8 TATase is equally active on 503 single-stranded and (the blunt ends of) double-stranded RNA substrates (Fig. 6B, lanes 3  504 and 4), whereas recessive 3' ends in partially double-stranded RNAs are clearly disfavored 505 ( Fig. 5 and 6 ), unless the bottom strand contains a stretch of uridylates. While it is clear that 506 the nsp8 TATase does not strictly require an oligo(U) template, the activity was greatly 507 stimulated by the presence of a single-stranded oligo(U) sequence opposite the 3'-508 polyadenylation site, with U 5-10 stretches stimulating polyadenylation activity most efficiently. 509
Interestingly, the position of the U 5 sequence in the mixed sequence (C 5 U 5 or U 5 C 5 ) was not 510 critical, possibly indicating low processivity and repeated use of the oligo(U) template. The 511 situation appeared to be different if the 5' oligo(U) tail was extended up to 20 nucleotides. In 512 this case, a rather defined product was observed which was not efficiently extended beyond reduced by approximately 50% (Fig. 9C and D) . Despite this reduced RNA-binding affinity, 533
the TATase activity of nsp8_K3687A was not affected or even higher than that of the 534 wildtype protein ( Fig. 7A and B) . Earlier studies reported a complete abolishment of nsp8 535 primase and polymerase activities for the equivalent substitution in the SARS-CoV nsp8 536 (K58A) (23, 24). Subsequently, the same replacement was shown to abolish de novo 537 initiation while it retained significant primer extension activity in polymerase assays of the 538 nsp7/nsp8/nsp12 complex (14). Although the basis of these differential effects are currently 539 unclear, the data obtained in these different virus systems and assays lead us to suggest 540 that this particular substitution retains (some) in vitro activities. The remaining ~50% RNA- with Ala resulted in a >90% reduction of RNA-binding activity (Fig. 9B and D) , while the 549 TATase activity of this protein was completely abolished using two different substrates ( Fig.  550 7A and C). A mutant HCoV-229E full-length RNA containing this particular mutation did not 551
give rise to viable virus following transfection into Huh-7 cells. The HCoV-229E nsp8 552 mutagenesis data are thus in agreement with biochemical data reported for the equivalent 553 substitution in SARS-CoV nsp8 (23) as well as reverse genetics data for this virus. A SARS-554
CoV mutant containing the equivalent mutation in nsp8 was shown to be crippled and rapidly 555 evolved compensatory mutations to restore near-wildtype growth kinetics in cell culture (14) . 556
It should also be mentioned that the complete loss of TATase activity in the HCoV-557
229E_K3711A protein represents an important control because it excludes potential 558 contaminations with bacterial RNA 3' polyadenylation activities being responsible for the 559 TATase shown in reactions using the recombinant HCoV-229E nsp8 wildtype protein 560 produced and purified under identical conditions. 561
562
In summary, our study is in line with previous reports (12, 23, 24) by showing that 563 coronavirus nsp8 proteins act as nucleotidylyl transferases. However, it does not support 564 previous suggestions on nsp8-associated primase and RdRp activities. Based on our 565 findings, we consider it possible that, in those earlier studies, coronavirus nsp8 polymerase 566 activity data were overinterpreted because two important controls were omitted: (i) there was 567 no proof to show that [-32 P] GMP (in addition to [-32 P] AMP) was actually incorporated into 568 product during primed RNA synthesis from a CU template and (ii) no 3'-blocked template 569
RNA was used in de novo RdRp assays to exclude the possibility that the presumed full-570 length transcripts identified in these assays represented 3'-mono-or oligonucleotidylated 571 forms of the template RNA (12, 24). Despite these considerations, we think that the 572 on March 29, 2019 by guest http://jvi.asm.org/ Downloaded from 23 combined data from this and earlier studies provide sufficient evidence to suggest divalent 573 metal ion-dependent RNA 3' TATase activities for coronavirus nsp8 proteins. This activity is 574 strongly enhanced by the presence of an oligo(U) template strand and can be blocked by 575 substituting a single conserved Lys residue with Ala. While it is clear from this and a previous 576 study that nsp8 is critically involved in coronavirus replication and acts as a cofactor for 577 nsp12-mediated RdRp activity in vitro (14), the diverse functions of nsp8 (both alone and in 578 complex with other replicase subunits) remain to be investigated in more detail, including a 579 possible involvement of the TATase activity in the production of 3'-polyadenylated plus-580 strand RNAs. 
